Acute inhibition is a powerful technique to test proteins for direct roles and order their activities in a pathway, but as a general genebased strategy, it is mostly unavailable in mammalian systems. As a consequence, the precise roles of proteins in membrane trafficking have been difficult to assess in vivo. Here we used a strategy based on a genetically encoded fluorescent protein that generates highly localized and damaging reactive oxygen species to rapidly inactivate exit from the endoplasmic reticulum (ER) during live-cell imaging and address the long-standing question of whether the integrity of the Golgi complex depends on constant input from the ER. Lightinduced blockade of ER exit immediately perturbed Golgi membranes, and surprisingly, revealed that cis-Golgi-resident proteins continuously cycle to peripheral ER-Golgi intermediate compartment (ERGIC) membranes and depend on ER exit for their return to the Golgi. These experiments demonstrate that ER exit and extensive cycling of cis-Golgi components to the cell periphery sustain the mammalian Golgi complex.
Introduction
The mammalian Golgi complex is composed of stacks of flattened cisternae linked through tubules to form a contiguous juxtanuclear ribbon. The stacked cisternae reflect the compartmentalization of Golgi enzymes for the processing of transiting cargo (Mellman and Simons, 1992; Puthenveedu and Linstedt, 2005) . Cargo movement through the stack has been variously suggested to occur in vesicles, in maturing cisternae, or by tubular connections between cisternae (Malhotra et al., 1989; Mollenhauer and Morre, 1991; Glick et al., 1997; Allan and Balch, 1999; Pelham and Rothman, 2000; Trucco et al., 2004) . Although not exclusive of other processes, maturation has gained recent support (Emr et al., 2009) . This model starts with the creation of cargo-containing cis-Golgi cisternae. The cargo stays within these cisternae and is sequentially processed when the cis enzymes are replaced with medial enzymes, which are subsequently replaced with trans enzymes. As cisternae progress through the Golgi stack, this change in enzyme composition is mediated by recycling vesicles. For example, cis enzymes are removed by recycling vesicles that bud from cis cisternae, whereas medial enzymes are delivered by fusion of another set of recycling vesicles, which originate from maturing medial cisternae. Thus formation of new cis cisternae is predicted to rely on both input from the ER and the recycling of cis-Golgi residents to a pre-Golgi compartment. The extent of Golgi residents cycling to the ER remains controversial (Cole et al., 1998; Storrie et al., 1998; Miles et al., 2001; Ward et al., 2001; Pecot and Malhotra, 2004; Rhee et al., 2005; Pecot and Malhotra, 2006) . Further, if Golgi residents cycle, it is unclear whether they do so in the same vesicles as well-known recycling proteins such as the KDEL receptor and members of the p24 family (MartinezMenarguez et al., 1999; Lanoix et al., 2001; Malsam et al., 2005) .
Although yeast Golgi cisternae have been visualized undergoing the predicted composition changes (Losev et al., 2006; MatsuuraTokita et al., 2006; Glick and Nakano, 2009 ) and mammalian Golgi cisternae support movement of large cargo trapped inside (Bonfanti et al., 1998) , the role of constant membrane input from the ER to form new cisternae and the existence of robust enzyme cycling between cisternae have not been convincingly demonstrated. This is probably due to temporal and spatial resolution constraints. In mammalian systems, few approaches allow acute inactivation and as a consequence the immediate effects of a blockade of membrane trafficking are largely unknown. Similarly, the reason that recycling vesicles have not been directly imaged might be because available live-cell imaging approaches cannot resolve vesicles within the short distances of their travel between cisternae.
Improvements in fluorescence microscopy offer an exciting avenue to address these shortcomings, particularly when combined with acute manipulations of the underlying molecular machinery. Therefore, we sought a technique for rapid protein inactivation while carrying out live-cell imaging experiments to better understand Golgi dynamics. Chromophores can inactivate proteins upon illumination by producing reactive oxygen species that can generate adducts, break peptide bonds and induce crosslinking (Jay, 1988; Liao et al., 1994; Surrey et al., 1998) . Further, with a half maximal reactive distance of approximately 4 nm, the damage can be largely limited to a target protein and its interacting partners (Bulina et al., 2006) . This approach has been of limited value because targeting proteins of interest mostly relied on microinjection of fluorophore-conjugated antibodies (Surrey et al., 1998; Jay and Sakurai, 1999) . However, the development of Killer Red, a derivative of the Hydrazoa jellyfish chromoprotein anm2CP that generates at least 1000-fold increase in reactive oxygen species over green fluorescence protein (GFP), presents the possibility of simply expressing Killer Red fusion proteins (Bulina et al., 2006; Carpentier et al., 2009; Pletnev et al., 2009; Serebrovskaya et al., 2009; Destaing et al., 2010; Teh et al., 2010) .
Here, we used Killer Red to impose an abrupt block in ER export and determine its effect on the Golgi complex. Our results indicate that the Golgi is sustained by both the constant input of membrane from the ER and a surprising level of peripheral cycling of cis-Golgi components.
Results

Targeted acute inactivation blocks ER exit
To impose an acute block of ER exit during live-cell imaging, we fused Killer Red to the coatomer protein (COP) II coat subunit Sec13 (Sec13-KR). As controls, we also generated a cytosolic version of Killer Red (Cyto-KR) and a version fused to the Golgi-localizing membrane anchor of giantin (KR-GTN). The constructs were expressed in cells expressing a GFP-tagged version of the Golgi enzyme N-acetylgalactosaminyl transferase-2 (GalNAcT2-GFP), which localizes to all Golgi cisternae (Storrie et al., 1998) . Upon expression, the localization of Sec13-KR was similar to endogenous Sec13 in both its appearance (Fig. 1A ) and in its quantified distribution relative to the Golgi (Fig. 1B) . Further, Sec13-KR colocalized with the COPII adaptor Sec23, confirming its localization at ER-exit sites (Fig. 1C ). Experiments were restricted to cells expressing Killer Red fusion proteins at comparable levels to GalNAcT2-GFP and with proper localization (Fig. 1D, pre-bleach) . Nevertheless, increased levels of protein expression (up to 50% higher expression by fluorescence intensity) were non-toxic and yielded similar results. The antioxidant Trolox was added as a quenching agent to further reduce the likelihood of off-target effects (Bisby et al., 1999) . Trolox concentration and irradiation time and power were optimized using the Golgi-localized control construct to achieve bleaching without affecting Golgi HeLa cells stably expressing GalNacT2-GFP as a Golgi marker were transiently transfected with Killer Red constructs and, after 2 days, were placed in medium containing 375 mM Trolox. Cells were selected based on comparable Killer Red and GalNacT2-GFP fluorescence signals and proper localization of the constructs. Pre-bleach images of the selected cells were acquired in each channel and then the cells were irradiated with 535-580 nm light at an intensity of 2 W/cm 2 for 30 seconds followed by the immediate acquisition of postbleach images in each channel. Scale bar: 2 mm. (E) Time course of Golgi assembly after bleaching of the indicated Killer Red constructs. Cells were transfected with Killer Red constructs and, after 2 days, GalNAcT2-GFP was redistributed to the ER by exposure to 2 mg/ml brefeldin A for 15 minutes, followed by washing in PBS and immediate mounting in imaging medium for a 30 seconds bleaching of the Killer Red fluorescence. Imaging of GalNAcT2-GFP was then at 1 minute intervals for 90 minutes. Max value Z-projections are shown for the indicated time points and the corresponding full time course is shown in supplementary material Movie 1. Scale bar: 2 mm. (F) Golgi assembly was measured for the indicated constructs by determining the largest fluorescent object present at each time point with the threshold set above the level of GalNAcT2-GFP fluorescence in the ER (n510, mean 6 s.e.m.). (G) Time course of VSVG-GFP transit from the ER to Golgi initiated by temperature shift immediately before bleaching of the indicated Killer Red constructs. Imaging of VSVG-GFP was at 1 minute intervals for 90 minutes. Max value Z-projections are shown for the indicated time points. Scale bar: 2 mm. morphology. As shown, illumination of the entire cell with a mercury arc lamp through a 535-585 nm filter for 30 seconds at 2 W/cm 2 in 375 mM Trolox bleached the Killer Red fluorescence of each target protein whereas the GalNAcT2-GFP fluorescence remained (Fig. 1D , post-bleach). Because Sec13 functions in a complex, there is a reasonable expectation that bleaching would damage not only the transfected construct, but also its endogenous partners, including Sec31 (Bulina et al., 2006) . Previous work using knockdown of Sec13 failed to block ER exit suggesting the importance of complete inactivation of the Sec13-Sec31 complex (Townley et al., 2008) .
To test the effectiveness of Sec13-KR in blocking ER exit, we used an assay in which the Golgi assembles out of the ER upon washout of brefeldin A (BFA), an inhibitor of Arf1 activation that reversibly redistributes Golgi enzymes into the ER (LippincottSchwartz et al., 1989; Peyroche et al., 1999) . Immediately after drug washout, the Killer Red fusion proteins were bleached for 30 seconds and GalNAcT2-GFP was imaged for 90 minutes (Fig. 1E , supplementary material Movie 1). Cells expressing the control constructs, Cyto-KR or KR-GTN, showed full assembly of the Golgi with kinetics similar to untransfected cells. In striking contrast, bleaching of Sec13-KR blocked the exit of GalNAcT2-GFP from the ER, indicating the inactivation of this essential COPII subunit. Golgi assembly was quantified by determining the size of the largest fluorescent Golgi object at each time point and confirmed a robust and reproducible block by Sec13-KR inactivation (Fig. 1F ). ER-exit blockade was also demonstrated using the temperature-sensitive vesicular stomatitis virus G protein (VSVG) transport assay (Presley et al., 1997) . Cells expressing VSVG-GFP were shifted from 40˚C to 32˚C and simultaneously photo-inactivated. Control cells transported VSVG-GFP to the Golgi by 15 minutes, whereas VSVG-GFP was trapped in the ER in Sec13-KR-inactivated cells, where it remained for at least 90 minutes (Fig. 1G ).
Acute dependence of Golgi integrity on ER exit
Having established its effectiveness, we used Sec13-KR inactivation to test the acute dependence of the Golgi complex on ER exit. Golgi labeled with GalNAcT2-GFP was imaged for 10 minutes to establish a base line. The control and Sec13-KR constructs were then bleached, and the Golgi was followed for another 60 minutes. Bleaching of KR-GTN yielded little effect on the stability or dynamics of the Golgi ribbon, whereas photobleaching of Sec13-KR had an immediate effect, causing both a fragmentation of the Golgi ribbon and a concomitant accumulation of GalNAcT2-GFP in small peripheral objects ( Fig. 2A, supplementary material Movie 2). Integrity of the ribbon was assayed using fluorescence recovery after photobleaching. Whereas KR-GTN inactivated cells showed diffusion of GalNAcT2-GFP equivalent to untreated cells, Sec13-KR inactivated cells exhibited little or no GalNAcT2-GFP diffusion into the bleached zone, indicating loss of ribbon architecture (Fig. 2B,C) . To analyze the appearance of GalNAcT2-GFP in the cell periphery after Sec13-KR inactivation, we first used an algorithm that highlights objects contiguous with the original Golgi in green and any peripheral objects that arise in red ( Fig. 2A last panels, supplementary material Movie 3). Golgi objects corresponded to pixel sets that intersected with pixel sets in previous frames extending back in time to the original pixel set defining the Golgi and peripheral objects corresponded to all other above-threshold objects. The fluorescence in each group was quantified (Fig. 2D,E) , confirming the reproducibility of both the fragmentation of the Golgi ribbon and the appearance of peripheral objects with each effect exhibiting a t 1/2 of <10 minutes. Although there was extensive redistribution to the periphery, GalNAcT2-GFP was not detectable in the ER until the post-inactivation incubation was extended to 4.5 hours, at which time most of the fluorescence was present in the ER (Fig. 3) . A slow rate of ER redistribution in response to an ER exit block is in accord with previously published longer-term experiments (Storrie et al., 1998; White et al., 1999) , whereas the immediate effects in Red constructs were imaged to observe GalNAcT2-GFP at 1 minute intervals for 10 minutes before a 30 second bleaching and then for a further 60 minutes. Max value Z-projections are shown for the indicated time points and the 60 minute time point is also shown after pseudocoloring to indicate objects that visibly detached from the Golgi (green) and objects that appeared in the periphery (red). The corresponding full time course is in supplementary material Movie 2 (gray scale) and Movie 3 (pseudo-colored). Scale bar: 2 mm. (B) Analysis of Golgi integrity by fluorescence recovery after photobleaching. Cells were subjected to no treatment, inactivation of KR-GTN or inactivation of Sec13-KR. After 15 minutes images were acquired before and after a small region of GalNAcT2-GFP fluorescence on the Golgi was bleached (arrows) and the indicated time points are shown. Scale bar: 2 mm. (C) Fluorescence was measured in bleached zone and is plotted versus time (n55 cells, mean 6 s.e.m.). (D,E) Golgi disassembly was measured by determining the number of total (D) and peripheral (E) fluorescent objects present at each time point using the ImageJ 'Analyze particles' function with the threshold set above the level of GalNAcT2-GFP fluorescence in the ER (n510, mean 6 s.e.m.). Preand post-bleach periods are indicated.
disrupting Golgi integrity and causing redistribution to peripheral punctae have not been previously observed. To provide further evidence that ER exit was blocked by Sec13-KR and did not contribute to the appearance of the peripheral punctae, we specifically bleached the Golgi GalNAcT2-GFP immediately after Sec13-KR inactivation. These cells showed no GalNActT2-GFP accumulating in the periphery (supplementary material Movie 4) confirming a Golgi origin for the peripheral fluorescence rather than exit of the residual ER pool.
GalNAcT2-GFP cycles to the cell periphery
The redistribution of GalNAcT2-GFP to peripheral punctae upon ER exit blockade suggests that it constantly cycles to peripheral structures and depends on ER exit for its return to the Golgi. In an attempt to visualize GalNAcT2-GFP cycling directly, we carried out faster time-lapse imaging using binning and greater laser power to boost sensitivity. During a 15 minute pre-inactivation period, the enhanced imaging revealed a multitude of small, dim GalNAcT2-GFP objects leaving the Golgi and arriving at the Golgi. Fig. 4A -C presents images cropped around the Golgi region to highlight a few examples where objects left the Golgi and moved towards the periphery (black arrowheads) or moved from the periphery inward to the Golgi (white arrowheads). The full Fig. 3 . Golgi at 4.5 hours after Sec13-KR inactivation. (A) Representative Z-slices of GalNAcT2-GFP are shown before and 4.5 hours after inactivation. Scale bar: 10 mm. (B) The percentage fluorescence in the ER was calculated by measuring total cell fluorescence and subtracting any above-threshold fluorescent objects with the threshold manually set to exclude the nuclear envelope but retain remnant Golgi objects (n58 cells, mean 6 s.e.m.). Statistical significance was measured using the paired Student's t-test (***P50.0000003). Values are the number of objects normalized to the value in the pre-inactivation segment (n510, mean 6 s.e.m., *P,0.005 and **P,0.0005). extent of these events is better observed in supplementary material Movie 5. Following this imaging, either KR-GTN or Sec13-KR was then inactivated and the cells were imaged for another 15 minutes. In the case of the KR-GTN control, inward and outward traffic persisted (Fig. 4A ) and the distribution of objects remained constant (Fig. 4D) . By contrast, after Sec13-KR inactivation there was a loss of inward-directed motility (Fig. 4B) , and a significant and progressive increase in peripheral object size (Fig. 4D ) because some objects approached each other and appeared to fuse (Fig. 4B, white  arrow) . To test the role of the COPI vesicle coat in generating the GalNAcT2-GFP objects leaving the Golgi, this experiment was repeated in the presence of 1,3-cyclohexanebimethylamine, which causes COPI membrane dissociation and blocks COPI function (Hu et al., 1999; Puthenveedu and Linstedt, 2001; Zhang et al., 2009 ). This treatment blocked the Sec13-KR-induced increase of peripheral GalNAcT2-GFP objects (Fig. 4C,D , supplementary material Movie 6). To further test the dependence on Arfdependent COPI function, we added BFA to cells immediately after inactivation of Sec13-KR. In the 15 minute post-inactivation period there was extensive tubulation and then collapse of the Golgi into the ER. Peripheral punctae did not arise during tubulation and were not evident after Golgi collapse (supplementary material Movie 7). Thus, GalNAcT2-GFP continuously cycled to the cell periphery with the outward path requiring COPI and the inward return dependent on ER exit. Respectively, these dependencies probably reflect COPI-mediated budding of GalNAcT2-containing vesicles from the Golgi and a demand for new membrane and/or transport factors.
Cycling is through the ER-Golgi intermediate compartment
Previously it was hypothesized that cycling vesicles containing Golgi components fuse with ERGIC membranes (Love et al., 1998; Lin et al., 1999; Marra et al., 2001; Puthenveedu and Linstedt, 2001 ), therefore we wished to test whether the peripheral GalNAcT2-GFP objects were positive for ERGIC markers. However, the ERGIC collapses in the absence of ER exit (Aridor and Balch, 2000; Lee and Linstedt, 2000) . This was confirmed in the case of Sec13-KR inactivation after 30 minutes (supplementary material Fig. S1) ; nevertheless, at 15 minutes after inactivation, the ERGIC markers ERGIC53 and Yip1A were still evident in peripheral punctae, so we asked whether these were positive for trapped GalNacT2-GFP. As a control, a parallel set of cells was stained at the same time point to visualize ERexit sites using transfected, Myc-tagged Sec23. After thresholding the images, the Golgi region was ignored and all peripheral GalNacT2-GFP objects were scored for overlap with ERGIC53, Yip1A, or Sec23 punctate fluorescence. Whereas few GalNAcT2-GFP punctae colocalized with Sec23, there was extensive colocalization with ERGIC markers ERGIC53 and Yip1A (Fig. 5A,B) . Thus, GalNAcT2-GFP probably cycles to ERGIC membranes, which in the absence of continued ER exit become depleted, leading to accumulation of GalNAcT2-GFP in the cell periphery. 
Cycling involves cis-but not trans-Golgi proteins
Next, we tested whether additional Golgi markers traffic in the pathway made evident by inactivation of Sec13-KR to see whether there might be preferential involvement of cis-Golgi proteins. First, we compared GalNAcT2-GFP to the cis-Golgi protein GPP130-GFP. Each responded to Sec13-KR inactivation by rapid accumulation in peripheral punctae with GPP130-GFP slightly preceding GalNAcT2-GFP (Fig. 6A,B , supplementary material Movies 8, 9). Redistribution was also confirmed for endogenous cis-localized proteins. Endogenous giantin, GPP130 and GRASP65 each accumulated in GalNAcT2-GFP-positive peripheral punctate structures after Sec13-KR inactivation (supplementary material Fig. S2 ). By contrast, two trans-Golgi markers, galactosyltransferase tagged with yellow fluorescent protein (GalT-YFP) and globotriaosylceramide synthase (GB3S-GFP), showed delayed and relatively minimal accumulation in peripheral punctae (Fig. 6C,D , supplementary material Movies 8, 9). Thus, if these trans components cycle, their cycling is probably restricted to the Golgi region and is therefore not discernible. These experiments strongly suggest that cycling of cis-Golgi-localized proteins to ERGIC membranes sustains Golgi biogenesis.
Discussion
These experiments demonstrate the technical feasibility of using a 30 second photo-inactivation of a crucial component in a dynamic system while carrying out live-cell fluorescent imaging. Although specificity of inactivation using Killer Red is not absolute, several considerations increase confidence in our conclusions. Chromophore-assisted light inactivation has a successful history and is based on validated physical theory (Surrey et al., 1998; Jay and Sakurai, 1999) . The Killer Red variation of the technique increases specificity because it more precisely targets the chromophore. It also avoids microinjection, which is less reproducible and might impair cell viability. Although microinjection can, in principle, impose an immediate block, the need to allow cell recovery could explain why previous reports of blockade of ER exit using a dominant-negative version of Sar1 involved analysis 4-6 hours following microinjection (Storrie, 1998; Miles, 2001 ). The inactivation done in the steady , GB3S-GFP (C) or GalT-GFP (D) were imaged at 1 minute intervals for 10 minutes before a 30 second bleaching of Sec13-KR and then for a further 30 minutes. Max value Z-projections are shown for the indicated time points and the 30 minute time point is also shown after pseudo-coloring to indicate objects that visibly detached from the Golgi (green) and objects that appeared in the periphery (red). The corresponding full time course is in supplementary material Movie 7 (gray scale) and Movie 8 (pseudo-colored). Scale bar: 2 mm. Quantification of the number of peripheral objects (y-axis) and percent of total fluorescence in peripheral objects (color axis) is shown for each construct (n510 cells, mean 6 s.e.m.). state analysis used the same parameters and set-up as the Golgi biogenesis and VSVG-GFP transport assays confirming its effectiveness. Finally, our conclusions do not require highly specific inhibition of the single targeted component Sec13. Indeed, this would be unlikely given the proximity of Sec13 to its binding partners at an ER exit site. Rather, the conclusions rest on effective inhibition of ER export -a process that depends on Sec13 and its binding partners. Given that the approach we describe is based on a genetically encoded fluorescent protein whose localization and expression level are readily verified, we expect Killer-Red-mediated inactivation during live imaging to be widely adopted and of particular significance where temporally or spatially restricted inactivation of proteins and their binding partners is required.
Acute inactivation revealed the Golgi to be sustained by both ER exit and a surprisingly high rate of continuous cycling of cis-Golgi components to ERGIC membranes. These observations fulfill previously unmet expectations of the maturation model in which new cisternae are constantly built by the fusion of cargo-bearing membrane from the ER and cis-enzyme-bearing recycling membrane from the Golgi. Certain trafficking components were previously visualized in ERGIC-directed tubules but the tubules were devoid of Golgi enzymes (Marra et al., 2001) , except when BFA was used to induce their appearance (Mardones et al., 2006) . Significantly, COPI was required to generate the cycling membranes, whereas ER export was required for their inward return to the Golgi. Arguably, ER export is required to contribute membrane and transport factors that sustain the ERGIC and are essential for the progression ERGIC membranes towards biogenesis of cis-Golgi cisternae.
Our results help resolve controversies concerning cycling of Golgi proteins through the ER (Altan-Bonnet et al., 2006; Patterson et al., 2008; Budnik and Stephens, 2009; Emr et al., 2009; Wei and Seemann, 2009) . Evidence in support of cycling through the ER (Cole et al., 1998; Storrie et al., 1998; Miles et al., 2001; Ward et al., 2001; Rhee et al., 2005) can be reinterpreted as showing the importance of ER exit in supporting Golgi enzyme cycling through the ERGIC with redistribution into the ER being a secondary, longer-term effect. Evidence against cycling through the ER, such as lack of Golgi enzyme trapping by ERlocalized binding partners (Pecot and Malhotra, 2004; Pecot and Malhotra, 2006) , although supported by our findings, missed the importance of ER exit in sustaining the robust cycling of enzymes through the ERGIC.
In conclusion, in contrast to longer-term inhibition experiments, photo-inactivation revealed that the mammalian Golgi complex is sustained by ER exit and extensive Golgi protein recycling.
Materials and Methods
Cell imaging
Cells were transferred to imaging medium (MEM, 7% FBS, 375 mM Trolox) and placed on a 37˚C heated stage under a blood gas mixture (5% CO 2 , 95% air) on a Zeiss Axiovert 200 with a heated 1006 Plan-Apo NA 1.4 oil objective (Zeiss, Thornwood, NY) attached to an UltraView spinning-disk confocal system (PerkinElmer, Shelton, CT). Cells expressing properly localized Killer Red constructs at brightness levels matching GalNacT2-GFP were identified. Cells expressing low levels or levels high enough to cause gross mistargeting were ignored because, upon photo-inactivation, the former failed to exhibit an effect and the latter sometimes resulted in cell death. Bleaching of Killer Red fluorescence was by epifluorescence light through a 535-585 nm filter at 2 W/cm 2 for 30 seconds. Capture parameters before and after bleaching are indicated in the figure legends. Enhanced images were taken using 46 binning to increase camera sensitivity. FRAP experiments were carried out in OptiMEM containing 7% FBS and 375 mM Trolox at 37˚C under ambient CO 2 . Acquisition was performed on an Andor Revolution XD system (Andor Technology, Belfast, UK). Killer Red was bleached at 100% laser power (561 nm) for 90 mseconds per pixel and GFP was bleached at 80% laser power (488 nm) for 20 mseconds per pixel. To stain inactivated cells, cells on glass-bottomed dishes were returned to a 37˚C incubator for the indicated times after pre-and post-inactivation images had been acquired and then the cells were fixed in 3% paraformaldehyde at room temperature or a methanol/acetone (2:1 mixture) at 220˚C. Antibodies were: rabbit anti-GRASP65 , rabbit anti-Yip1A (Dykstra et al., 2010 ) mouse anti-GPP130 (Linstedt et al., 1997) , mouse anti-a-tubulin (Sigma), mouse anti-giantin (Linstedt and Hauri, 1993) , mouse anti-ERGIC53 (Schweizer et al., 1990) , mouse anti-Myc (Evan et al., 1985) and Cy5-labeled secondary antibodies (Invitrogen).
Cloning
Sec13-KR was constructed by PCR amplifying Killer Red from pKillerRed-N (Evrogen) and inserting it into the XhoI and XbaI sites of pCS2-Sec13 (gift from Tina Lee, Carnegie Mellon University, Pittsburgh, PA). Killer Red was also cloned into the BamH1 and EcoR1 sites of pCS2 to generate Cyto-KR. For KR-GTN, the sequence encoding the last 100 amino acids was amplified and cloned into the EcoRI and XbaI sites of Cyto-KR. GPP130-GFP was as described (Mukhopadhyay et al., 2010) . GalT-YFP was created by inserting the localization domain of GalT (residues 1-75) with YFP into the pIRES vector. GB3S-GFP was created by insertion into pEGFP.
Cell culture and transfection
HeLa cells stably expressing GalNAcT2-GFP were cultured in MEM (Thermo Scientific) with 10% FBS (Atlanta Biologicals). Before experiments, cells were grown to 30-50% confluency in a 60 mm dish, and transfected with JetPEI (PolyPlus) according to the manufacturer's protocol. After 24 hours, the cells were placed onto 35 mm coverslips, and at 36-72 hours post transfection the coverslips were mounted in an imaging chamber or 35 mm glass-bottomed dish (Matek). Brefeldin A (Sigma) was added at 2 mg/ml where indicated. Where indicated, 1,3-cyclohexanebimethylamine (Acros Organics) was added at 10 mM final concentration.
Analysis
ImageJ was used to carry out all analysis. Distribution of ER-exit sites was measured using the 'Analyze Particles' plug-in to find the centroid of each object and its distance from the Golgi was then measured. The measurements per cell were then binned and presented in a histogram. To determine the largest object size during Golgi assembly, images were thresholded to exclude ER-localized GalNAcT2-GFP fluorescence (value set using the 0 minutes time point) and the 'Analyze Particles' function was used to find the largest object in each cell for each time point. FRAP recovery was performed using the 'FRAP Profiler' plug-in. Statistical analysis used a one-tailed paired t-test. To determine the number and size of Golgi objects after steady-state inactivation, the images were enhanced using the spot-enhancing-filter plug-in (Sage et al., 2005) , manually thresholded to maximize object recovery (single threshold/series), and analyzed using the 'Analyze Particles' function. To pseudo-color objects based on continuity with the starting Golgi, the spot-enhanced and thresholded images were converted to binary and object continuity over time, that is overlapping pixels, was determined using the '3D Object counter' plug-in. All objects contiguous with the starting Golgi were added as a green layer on top of the original grayscale image and all other objects were added as a red layer. To quantify redistribution to the ER, the images were background subtracted followed by determination of total fluorescence less the fluorescence in objects above a threshold manually set to exclude the ER. The threshold was set above the level of the nuclear envelope fluorescence, which left only remnant Golgi fluorescence. To determine colocalization of peripheral GalNAcT2 punctae, the images were thresholded above background leaving only the peripheral punctae and the Golgi fluorescence. The latter was ignored and the number of peripheral punctae that were positive for ERGIC53, Yip1A, or Sec23 was quantified. To determine size distribution of cycling objects, the 46 binned images were thresholded and analyzed using the 'Analyze Particles' function with max object size set to 25 pixels.
